Activities of two enzymes of the de novo pyrimidine biosynthetic pathway, aspartate transcarbamylase and dihydro-orotase, and one enzyme of the salvage pathway, uridine kinase, were assayed in the liver, heart, brain, and intestine during embryogenesis of the chick, to assess the relation of these pathways to cellular proliferation and organ growth. As the period of embryogenesis ended, the increment of cellular proliferation, as determined by changes in amount of DNA, of liver, brain, and heart decreased, while that of intestine remained relatively constant. The most elevated activities for both enzymes of the de novo pathway were observed in the earliest stages of development, decreasing thereafter with age. These two enzymatic activities changed synchronously in each of the tissues studied. In each organ, the highest activities of the de novo pyrimidine biosynthetic enzymes were coordinated with the stage of most rapid rate of cellular proliferation. In addition, the enzymatic patterns during development paralleled the overall growth rates of different organs. The activity of uridine kinase increased throughout embryonic development in the organs investigated, in contrast to the activities of the enzymes of the pathway of de novo pyrimidine biosynthesis.
Introduction
fetal rat. This synthetic activity, in the tissues of the fetal rat, was diminished in adult liver and almost Previous work in this laboratory [19, 26] and that of absent in preparations of adult heart. These observaothers [2, 18] has shown that the activity of aspartate tions impelled us to examine more closely the activities transcarbamylase, one of the enzymes of pyrimidine of those enzymes responsible for the biosynthesis of biosynthesis, was considerably elevated in liver and pyrimidines, particularly in relation to the growth of heart of the fetal rat compared with adult tissues. With different embryonic tissues. the use of radioactive precursors it was observed [20] Present knowledge indicates that pyrimidine biothat carbamylaspartate could be readily converted to synthesis in fetal or embryonic tissues probably proorotate, and orotate to UMP by liver and heart of the ceeds as follows: 1) glutamine, as the possible nitrogen source [15, 24] , bicarbonate, and adenosine triphosphate (ATP) react to form carbamyl phosphate; this step is catalyzed by carbamyl phosphate synthetase; 2) carbamyl phosphate reacts with aspartate to form carbamylaspartate by the action of aspartate transcarbamylase; 3) ring closure is accomplished by dehydration yielding dihydro-orotate through the action of dihydro-orotase; 4) dihydro-orotate is oxidized to orotate in the presence of dihydro-orotate dehydrogenase; and 5) orotate is converted to orotidine-5-phosphate and then to uridine monophosphate (UMP).
Pyrimidine nucleotides can also be synthesized from preformed bases by the salvage pathway [28] . We have investigated the activities of certain enzymes of the de novo biosynthetic pathway and the formation of phosphorylated uridine from uridine to assess the relative importance of each pathway during embryogenesis. The action of these enzymes provides precursors for nucleic acid synthesis, and consequently, may change in relation to cellular proliferation and growth.
In the present study, the chick embryo was used because of the relative ease in determining the definite stages of embryogenesis [16, 29, 30] and because observations could be made at very early stages of development of various organs. Also, the chick embryo has the advantage of being uricotelic, and thus does not have a functioning urea cycle that would also utilize carbamyl phosphate, an intermediate common to the pathways for urea and pyrimidine biosynthesis [17] .
Materials and Methods
White Leghorn chick embryos of the same strain (G-813) were used throughout these experiments; they were purchased [42] at the desired stage of development. For some experiments, fertilized eggs were incubated in our laboratory at 38° at 40-70% humidity. After hatching, the chicks were given water, but no food. Stages of development were judged according to the recommendations of HAMBURGER and HAMILTON [16] . Embryos and chicks were decapitated.
Analytical Procedures
Liver, heart, brain, and intestine were removed quickly and chilled; determinations of enzymatic activity in pooled tissues were done on the same day. Unless otherwise indicated, a 20% homogenate was made in 0.25 M sucrose with a Potter-Elvehjem glass homogenizer. The homogenate was centrifuged at 10,000 xg for 10 min in a centrifuge [43] and the supernatant fluid then was used for enzymatic analyses. In all cases studied, formation of product was directly proportional to amount of supernatant fluid and was linear with respect to the time of incubation. Enzymatic activities were assayed in each case at the apparent pH optimum.
Aspartate transcarbamylase. Carbamoyl phosphate: L-aspartate carbamoyl transferase (EC.2.1.3.2) was measured by the method of GERHART and PARDEE [13] that determines production of a carbamyl aspartate chromophore.
The assay mixture contained: (in ^moles) carbamyl phosphate, 4; aspartate, 20; diethanolamine buffer, pH 9.2, 100; and supernatant fluid, 0.2 ml, in a total volume of 1.0 ml. This mixture was incubated in a water bath at 37° for 30 min and the reaction stopped with 1.0 ml of 0.5 M perchloric acid. The perchlorate was removed by precipitation with saturated KOH and, following centrifugation, 0.5 ml of supernatant fluid was used for assay.
Dihydro-orotase. L-4,5-Dihydro-orotate amino hydrolase (EC.3.5.2.3) was determined by the method of BRESNICK and HITCHINOS [3] . Dihydro-orotate, formed from carbamylaspartate, was treated with strong alkali [1] and the rate of decrease of absorbancy at 240 mfj. was measured with a recording spectrophotometer [44] . The incubation mixture contained 16 jumoles carbamylaspartate; 200 ^moles Na phosphate buffer, pH 6.5; and 0.2 ml supernatant fluid in a total volume of 3.0 ml, and was incubated at 37° for 60 min; the reaction was stopped with 0.2 ml of 4 M perchloric acid.
Uridine kinase. Adenosine triphosphate: uridine 5'-phosphotransferase (EC.2.7.1.48). A 5% homogenate was made in cold 0.05 M tris (hydroxymethyl) amino methane-l,3-propanediol (Tris) buffer, pH 7.4, and centrifuged at 48,000 Xg for 1 h in a centrifuge [43] . The supernatant fluid was used for analysis. Activity of uridine kinase was measured by a modification of the method of SKOLD [34, 35] . The incubation mixture contained: (in ,amoles) ATP, 15; MgCl 2 , 10; Tris buffer, pH 7.4, 10; and uridine-2[ la C], 0.01 ^Ci (specific activity, 30 ^Ci/,amole) [45] , and supernatant fluid, 0.2 ml, in a final volume of 0.6 ml. The mixture was incubated for 15 min at 37° and the reaction stopped by placing the tubes in a boiling water bath for 1 min. After centrifugation, 200 /A of supernatant were applied to strips of Whatman no. 3 MM paper and were chromatographed overnight in 2-propanolacetic acid-water, 6:3:1. The strips were cut into 2.5-cm portions and placed in vials with 10 ml of scintillation counting fluid (5 g/liter of 2,5-diphenyloxazole [PPO], and 0.5 g/liter of ^-bis-[2-(5-phenyloxazolyl)]-benzene [POPOP], in toluene) and counted in a liquid scintillation spectrometer [46] . The number of counts found in the areas identified as phosphorylated uridine were used as a semiquantitative measure of enzymatic activity.
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Dihydro-orotate dehydrogenase. L-4, 5-Dihydro-orotate:
oxygen oxidoreductase (EC.1.3.3.1) and dihydroorotase (EC.3.5.2.3). Activity of these enzymes was measured in the liver of chick embryos by determining the conversion of dihydro-orotate to carbamylaspartate and orotate. The incubated mixture contained: (in iumoles) D,L-4,5, dihydro-orotic acid-6 [ 14 C], 2.7 (specific activity 0.37 /tCi/^mole); Tris buffer, pH 8.0 (at 37°), 10; and 20% whole homogenate, 0.4 ml, in a total volume of 1.0 ml; it was incubated at 37° for 1 h. The reaction was stopped with 0.2 ml of 20 % trichloroacetic acid. After extraction of the acid with ether, a 50-//1 aliquot of deproteinized supernatant fluid was placed on thin-layer DEAE-cellulose plates and chromatographed overnight, as described by SHAFRITZ and SENIOR [31] . The chromatograms were scanned with a radiochromatogram scanner [47] . Two-centimeter portions were then scraped into vials containing 10 ml of scintillation fluid and counted in a scintillation spectrometer [46] . The number of counts found in the area identified as carbamylaspartate and orotate was used as an indication of enzyme activity. No further studies were attempted with this system since the reaction can go either toward carbamylaspartate or orotic acid, making an accurate analysis of the enzymatic pattern very difficult. Protein was determined by the method of LOWRY et al. [23] , DNA was extracted by the method of SCHNEIDER [33] and determined by the method of BURTON [7] using sperm DNA [48] as a standard.
Results
Enzyme Activities in Tissues
Aspartate transcarbamylase and dihydro-orotase. Activities of aspartate transcarbamylase and dihydro-orotase were measured in liver, heart, and brain at days 7, 10, 13, 16, and 19 of embryogenesis in the chick embryo. With intestine, the earliest measurements were performed at 10 days of embryonic age since sufficient amounts of tissue could not be obtained from embryos 7 days of age. Enzymatic activities were also measured in these organs 3 days after hatching. The pH optima for aspartate transcarbamylase was 9.2, for dihydro-orctase, 6.5, in agreement with those found with rat liver [22] and Ehrlich ascites cells [3] . The activities of both enzymes in the four organs are shown in tables I and II and are expressed on the basis of wet weight, amount of protein in the supernatant fluid, and amount of DNA. Particularly with these enzymes, there was no consensus as to the most appropriate form for expression of results.
Regardless of the variable, the activities of both enzymes showed similar patterns in that a general decrease in activitiy occurred as embryogenesis proceeded. There were differences, however, between the various tissues. These differences were particularly evident when the enzymatic activities were expressed on the basis of amount of DNA [49, 50] . In liver and heart, the activity for aspartate transcarbamylase decreased abruptly between days 13 and 16 of embryogenesis, but this circumstance was encountered only in the liver with dihydro-orotase. In the intestine, an abrupt change in activity occurred for both enzymes between days 10 and 13 of embryogenesis. These findings may be correlated with morphologic changes, since after day 13 the liver progresses from an organ with a large amount of hematopoietic tissue to an or- gan that at day 19, contains a great deal of glycogen and fat. Histologically, the early intestine has very few villi, whereas after day 10 the villi become more prominent. In the intestine, the activity for both enzymes was maintained from 10 days of embryogenesis until 3 days after hatching.
To compare the activity of both enzymes in different tissues, the developmental patterns of the specific activities of aspartate transcarbamylase and dihydroorotase are shown in figure 1 . In general, the highest values of enzymatic activity were found at the earliest was a great similarity of the developmental patterns for activity of aspartate transcarbamylase and dihydroorotase in liver, brain, heart, and intestine. This finding was similar to that observed by KRETCHMER et al. [19] using whole homogenates of heart and liver.
To ascertain whether the changes in activity observed with age were due to the presence of an inhibitor or activator, mixing experiments were performed. Additions of supernatant fluid derived from liver and heart of 10-day-old embryos were added to supernatant fluids from liver and heart of 19-day-old embryos, respectively. The mixed enzyme preparations of younger plus older fractions yielded activities that were additive. These results suggest the absence of inhibitors or activators. Figure   2 shows a typical experiment indicating conversion of dihydro-orotate to carbamylaspartate and orotic acid. There was more production of carbamylaspartate by the liver of the 10-day-old embryo than that of the 19-day-old embryo. The results with orotate, however, are difficult to interpret. Results obtained with preparations from 13-and 16-day-old embryos were intermediate between those depicted in figure 2. These data can only be considered as semiquantitative.
Dihydro-orotate dehydrogenase and dihydro-orotase.
Uridine kinase. The developmental patterns of the activity of uridine kinase ( fig. 3) for the four organs during embryogenesis were the converse of those encountered with the enzymes associated with de novo pyrimidine biosynthesis. In contrast to the de novo pathway, the activity for this enzyme was higher in brain and heart than it was in the intestine or liver.
Cellular Growth
Because of the presumed relation of pyrimidine biosynthesis to cellular proliferation it seemed appropriate to study some variables of growth in the different organs. There was a remarkable increase in the number of cells in each organ (fig. 4) . Toward the end of the period of embryogenesis the rates of cellular proliferation of liver, brain, and heart decreased, but during the embryonic periods studied the increment of intestinal DNA was relatively constant. During this growth phase there was a continuous increase of protein per nucleus in liver, heart, and brain whereas in the intestine, this ratio remained constant ( fig. 5 ) .The greatest rate of increase in protein was noted in the brain. ing to ENESCO and LEBLOND [12] . Insert shows absolute increase of number of cells per 3-day interval in liver, heart, brain, and intestine of the chick embryo. and LEBLOND [12] .
Discussion
In our studies, activities of the pyrimidine biosynthetic enzymes of the de novo pathway in the chick embryo correlated with rate of cellular proliferation as measured by amount of DNA in the individual organs at different stages of development. LESLIE and DAVIDSON [21] studied growth of liver, heart, brain, and muscle of the chick embryo; we have obtained similar data, and in addition, included information concerning the intestine. STEIN and COHEN [36] , working with plants, indicated that the specific activity of aspartate transcarbamylase was significantly higher in growing portions than in quiescent parts. Elevated activities have been found in other rapidly growing tissues: ascites tumor cells [9] , hepatoma nodules and regenerating liver [8] , fetal tissues [2, 18, 19, 26] , and mammary gland in pregnancy and lactation [38] . YOUNG et al. [41] correlated the activity of aspartate transcarbamylase of different organs in the adult rat to cellular proliferation measured by mitotic index. They showed that organs with frequent mitotic divisions had high enzyme activity. Conversely, SKOLD [35] measured uridine kinase of the 'salvage' pathway in several tissues of young adult rats, mice, and rabbits, and found a direct relation between this enzyme and the growth rate of tissues. These observations may indicate that differences in utilization of each pathway exist during development.
The results obtained in the present study during embryogenesis indicated a possible association between the 'salvage' and the de novo pathway, since there was an inverse relation of the two activities. This phenomenon was most evident in those organs of the chick embryo that had the lowest activities of the de novo pathway, heart and brain. It is not known whether this relation is related to the regulation of either or both pathways. The de novo pathway might be the prime source of pyrimidines at early stages of development when macromolecules must be assembled from simple precursors. As the embryo grows, the use of available preformed material would be a more efficient means for synthesis of nucleotides.
Synchronous change in activity for several enzymes of a pathway has been reported in multicellular organisms. SCHIMKE [32] has shown that the enzymes of urea biosynthesis rise in a coordinate manner when increasing percentages of dietary proteins were fed to rats. BROWN et al. [6] showed the simultaneous appearance of enzymes of the urea pathway during amphibian metamorphosis.
In the present study, the developmental patterns and the magnitudes of aspartate transcarbamylase and dihydro-orotase activities were distinctive for most organs studied, although within the individual organ these characteristics were strikingly similar for both enzymes. These synchronous changes of enzymatic activities encountered during embryogenesis were highly suggestive of a group of proteins that were related genetically.
The allosteric regulation of aspartate transcarbamylase in bacterial systems [13, 14] is a classic example of its type. This regulation has not been demonstrated in multicellular organisms [5, 10, 20, 27] . Unlike the results in bacterial systems [39, 40] , attempts to repress aspartate transcarbamylase in mammalian systems by elevation of nucleotide pools have been unsuccessful [4] . It is quite likely that regulation of pyrimidine biosynthesis via aspartate transcarbamylase differs in various species, as reported for Escherichia coli [14] , lettuce [25] , human leukocytes [27] , and chick embryo [2] . TATIBANA and ITO [37] , working with the mouse spleen, suggested that a control site for the de novo pathway might be carbamyl phosphate synthetase rather than aspartate transcarbamylase. This hypothesis was based on the selective inhibition of the enzyme by uridine triphosphate (UTP), and the low activity of carbamyl phosphate synthetase compared with aspartate transcarbamylase. Though these data are accumulating, the question of the regulation of the pyrimidine biosynthetic pathway in multicellular organisms still awaits solution.
Summary
Activities of two enzymes of pyrimidine biosynthesis, aspartate transcarbamylase and dihydro-orotase, were determined in the liver, intestine, brain, and heart of the chick embryo during development. The data indicate that these de novo pyrimidine biosynthetic enzymes are very active during periods of intense growth in these organs. In the intestine, where growth persists for an extended period of time, the activities of these enzymes are maintained. Uridine kinase, an enzyme concerned with the salvage of pyrimidine skeletons, increases in activity after the de novo pyrimidine biosynthetic pathway has begun to disappear. From these developmental studies it is possible to hypothesize an intimate genetic relation between enzymes of de novo pyrimidine biosynthesis.
